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A B S T R A C T
Immunocastration (vaccination against boar taint) is an alternative method to prevent boar taint without the
need for surgical castration. This study investigates the evolution of boar taint compounds in serum and fat,
serum steroid compounds as well as behavior in immunocastrated pigs from 3 sire lines: 15 stress positive
Belgian Piétrain (BP), 20 stress negative French Piétrain (FP), and 20 stress negative Canadian Duroc (CD).
Hormone and boar taint compounds in serum were determined at 4 time points; boar taint compounds in fat
were determined at 3 time points. Behavior, skin lesions, animal and pen fouling were also recorded before the
ﬁrst vaccination (<V1), between the ﬁrst and second vaccination (<V2), and after the second vaccination
(>V2). Aggressiveness, eating and drinking and general activity behavior declined from<V1 to<V2
and > V2 for all sire lines. Pigs from BP were cleaner than FP and CD pigs. Even though immunocastration was
eﬀective in general (reduced testosterone, estradiol as well as androstenone in serum) for all sire lines, some
individual pigs showed either androstenone or skatole levels in fat above cutoﬀ values. While the im-
munocastration mechanism works as intended for androstenone, and also for skatole for the three sire lines, the
risk of carcasses with boar taint compounds above cutoﬀ levels (respectively 1.9 and 3.7%) still remains to some
extent.
1. Introduction
Boar taint is an unpleasant odor in fat and meat that is mainly as-
sociated with uncastrated male pigs (boars). The main compounds re-
sponsible for boar taint are androstenone (AND), skatole (SKA), and to a
lesser extent indole (IND) (Annor-Frempong et al., 1997; Claus et al.,
1994; Moss et al., 1993; Rius and García-Regueiro, 2001). To avoid
boar taint, most of the male piglets are surgically castrated. Im-
munocastration or vaccination against anti-gonadotropin releasing
hormone (GnRH) is sometimes used as an alternative to eliminate boar
taint without the need for surgical castration (Fuchs et al., 2009). Im-
munocastration is performed by giving two injections with an anti-
GnRH vaccine with at least 4 weeks apart, with the second vaccination
(V2) at least 4 weeks before slaughter. Immunocastration immunizes
boars against GnRH, which disrupts the hypothalamic-pituitary-gonad
axis. Female pigs are similarly aﬀected by immunocastration (Zeng
et al., 2002). Immunocastration thus stops the production of male
sexual steroid hormones as well as AND, and stops testes development
(Oonk et al., 1998). This has also been associated with a reduction in fat
SKA, in aggressive and sexual behaviors and increased passive behavior
after the second vaccination (Baumgartner et al., 2010).SKA con-
centration is thought to be indirectly lowered by immunocastration due
to the removed inhibition of SKA metabolism by AND (Zamaratskaia
et al., 2008a, 2008b). As a consequence, AND and SKA levels in fat
tissue at slaughter are reduced to the same level as barrows (Brunius
et al., 2011; Dunshea et al., 2001). Although several studies conﬁrm the
reduction of male sexual steroid hormones and boar taint compound
levels in fat, some studies suggest that high levels of AND and SKA in fat
from immunocastrates may still occur (Batorek et al., 2012). It has been
suggested that some pigs are not at all, or are less responsive to
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immunocastration (Batorek et al., 2012). It has also been found that
certain conditions (i.e., dysentery) can lead to elevated SKA levels in fat
at slaughter in all sexes, regardless of sexual maturity (Škrlep et al.,
2012).
The age of reaching puberty (sexual maturity) in boars as well as the
AND and SKA levels in fat at slaughter diﬀer between breeds. It has
been shown that the prevalence of Duroc boars with AND concentra-
tions above cutoﬀ values can reach up to 50% while this is only the case
for 5 to 8% of Hampshire, Yorkshire, and Landrace boars (Zamaratskaia
and Squires, 2009). Besides a diﬀerence in the age of puberty or a
diﬀerence in AND synthesis for the same maturational stage, the dif-
ference in AND may also be due to diﬀerences in metabolic clearance of
AND from fat tissue between breeds (Andresen, 2006). Several studies
also show that SKA levels increase around puberty (Babol et al., 1999,
2004). It has been hypothesized that these increased SKA levels around
puberty are associated with increased intestinal turnover (Babol et al.,
2004), also the decreased ability to metabolize SKA at that time due to
AND has been shown (Squires and Lundström, 1997). Piétrain sired pigs
generally have a lower growth rate than Duroc sired pigs, so slaughter
age diﬀers between fattening pigs from diﬀerent sire lines (Liu et al.,
2007). Lower growth rate has been associated with lower boar taint risk
in some studies but the ﬁndings are not always conclusive (Bonneau,
1987; Van Den Broeke et al., 2015; Xue and Dial, 1997).
It can therefore be hypothesized that the state of pubertal devel-
opment, behavior and boar taint compound levels in fat and plasma
diﬀer between fattening pigs from these sire lines at the second vacci-
nation; a diﬀerent pattern in diminution of the boar taint compounds
may also be possible between these three lines. The aim of this study
was therefore to compare the eﬀect of immunocastration on hormonal
blood levels, boar taint compound in serum and fat and behavior in
male fattening pigs of 3 sire lines, namely Belgian Piétrain (stress po-
sitive), French Piétrain (stress negative) and Canadian Duroc (stress
negative).
2. Materials & methods
This experiment was approved by the ILVO Ethics Commission
(Melle, Belgium) (2017/302 & 2017/295).
2.1. Animals
In 2 batches with 3 weeks diﬀerence between each round, a batch of
hybrid sows (Topigs 20, n=26 in total) was inseminated. The dis-
tribution of terminal sires was 2 (2/2 in both batches) stress positive
Belgian Piétrain (BP), 3 (2/3 in both, 1/3 only in 2nd batch) stress
negative French Piétrain (FP), and 4 (1/4 in both, 2/4 only in the 1st
batch, 1/4 only in the 2nd batch) stress negative Canadian Duroc (CD).
These were used to inseminate 4 (2/4 in the 1st batch, 2/4 in the 2nd
batch) sows with semen from BP boars, 5 (3/5 in the 1st batch, 2/5 in
the 2nd batch) sows from FP, and 6 (3/6 in the 1st batch, 3/6 in the 2nd
batch) sows from CD. Piglets of these sows were weaned at 4 weeks of
age and piglets of the same sire line (but diﬀerent individual boar
within sire line) were grouped with 5 male piglets per pen in the nur-
sery (3 pens BP, 4 pens FP, 4 pens CD). At 9 weeks of age, pigs were
moved to the fattening barn (keeping the same group composition) into
pens (2.0 m×2.5m) with half slatted ﬂoors. All pigs had access to
water at all times and were fed ad libitum with a 3-phase fattening diet,
with a shift to the second phase diet at the time of the ﬁrst vaccination
and to the third phase diet at the second vaccination.
Pigs were immunocastrated using Improvac® (Zoetis, Zaventem,
Belgium) (subcutaneous injection, 2 mL). Timing of the vaccination was
determined based on average pen weight. The ﬁrst vaccination was
given 8 weeks before slaughter (average pen weight 50 kg) and the
second vaccination (at least) 27 days before slaughter (average pen
weight 80 kg). Animals were weighed weekly to determine the correct
timing. Animals were slaughtered at an intended average pen weight of
115 kg (Table 1). The fasting period before slaughter was minimum
21 h, transport time was 1.5 h and the time in lairage was around 2 h.
Slaughter occurred in a commercial slaughterhouse by exsanguination
after carbon dioxide stunning.
All animals (15 BP, and 20 FP and CD) were included in observa-
tions, blood sampling, blood analysis, fat sampling, and boar taint
analysis discussed further.
2.2. Observations
Observations were performed from 10weeks of age until slaughter
and were always performed in the afternoon. The observation protocol
was based on protocols used in previous studies (Bekaert et al., 2012a;
Van Den Broeke et al., 2015). Animal behavior was evaluated at pen
level. Animal behavior was scored every two weeks by single scan
sampling after a 10-min period to habituate the pigs to the presence of
the observer. The duration of observation was 10× 1min per pen, with
a 3-min pause between each round of the pens. The number of pigs per
pen displaying the various types of behavior (Table 2) was recorded and
average percentage of time spent per behavior was calculated per pen
during the time period before V1 (2 or 3 series of observation), the
period between V1 and V2 (2 or 3 series of observation), and the period
after V2 (2 to 3 series of observation). As frequency of observation was
low for some categories, these observations were merged: interaction +
playing, and manipulation + ear & tail biting. Skin lesions, animal
soiling and pen soiling were scored on a scale from 0 to 4 or 5 by re-
cording the number of pigs in each category per pen (Table 3).
2.3. Blood sampling and analysis
Blood sampling was performed via venipuncture of the jugular vein.
Blood was collected in 10mL tubes with a silicone-coated interior
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Blood
samples were taken from all selected pigs on 4 occasions: at the ﬁrst
vaccination (V1= 8weeks before slaughter), at the second vaccination
(V2=4weeks before slaughter), 2 weeks after the second vaccination
(V2+2), and 1 day before slaughter (before fasting period started) (S)
(Fig. 1). Serum was obtained by centrifugation at 3000 rpm for 10min
at 4 °C. Serum samples were kept frozen at −80 °C until analysis of
hormonal and boar taint compound concentrations. From the serum
samples, testosterone (TES), estradiol (EST), and progesterone (PRO)
Table 1
Age and weight of immunocastrates of 3 sire lines, Belgian Piétrain (BP), French
Piétrain (FP), and Canadian Duroc (CD) sire lines at 4 time points: at ﬁrst
vaccination (V1–8weeks before slaughter), at second vaccination (V2–4weeks
before slaughter), 2 weeks after second vaccination (V2+2), and 1 day before
slaughter (S). Daily gain is also calculated for the 3 periods between these 4
time points. Values are mean ± standard deviation. Signiﬁcant diﬀerences for
age and daily gain between sire lines within time points and periods are in-
dicated by a, b.
V1 V2 V2+2 S
Weight (kg)
BP 52.5 ± 8.9 78.3 ± 9.7 95.7 ± 11.0 110.5 ± 15.5
FP 49.7 ± 5.0 80.6 ± 8.3 100.2 ± 10.6 121.0 ± 13.6
CD 53.5 ± 3.4 81.8 ± 5.5 99.7 ± 8.5 119.6 ± 8.8
Age (days)
BP 102b ± 1 130b ± 1 144b ± 1 166c ± 1
FP 92a ± 3 121a ± 1 135a ± 1 153b ± 7
CD 92a ± 6 116a ± 3 129a ± 2 144a ± 2
Daily gain (g/day) V1 – V2 V2 – V2+2 V2+2 – S
BP 953a ± 89 1110a ± 129 670a ± 523
FP 1022ab ± 118 1297ab ± 310 1332b ± 311
CD 1152b ± 109 1336b ± 270 1394b ± 124
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were determined using the commercial Cobas Testosterone II, Cobas
Estradiol III, Cobas Progesterone II, and Cobas Ureal kits (Roche, Basel,
Switzerland). Serum concentrations of androstenone (AND), skatole
(SKA), and indole (IND) were determined in serum using U-HPLC-HR-
Orbitrap-MS analysis with a limit of detection (LOD) of 1.0, 0.5, and
0.5 μg/L, a maximum repeatability of 4.7, 6.6, and 7.5%, and a max-
imum within-laboratory reproducibility of 6.4, 6.1, and 10.4% for AND,
SKA, and IND respectively (Bekaert et al., 2012b).
2.4. Fat sampling and boar taint analysis
Fat biopsy samples were taken from neck fat at V2 and V2+2
based on the methodology described by Baes et al. (2012). In short, a
modiﬁed rabbit stunning device (Klaus- Gritsteinwerk GmbH & Co.,
Bünde, Germany) with a reusable biopsy needle was used to obtain a fat
sample of approximately 200mg. Each sample was immediately placed
on ice and kept frozen at−20 °C in an Eppendorf until analysis for AND
and SKA concentrations (expressed in liquid fat). Chemical analyses
were performed at ELFI Analytik GbR (Neufahrm, Germany) using
SIDA-HS-SPME-GC/MS with a LOD of 35, 0.1, and 0.5 ng/g, a max-
imum inter-essay coeﬃcient of variation (CV) of 4.1, 2.1, and 5.0%, and
a maximum intra-essay CV of 5.3, 5.0, and 1.0% for AND, SKA, and IND
respectively (Fischer et al., 2011). Some biopsy samples did not provide
the required amount of fat for analysis. At V1 no biopsy samples were
taken as the fat layer in these young boars was assumed to be too thin
(Fig. 1).
At the slaughter line, neck fat samples were collected from all ani-
mals (5 cm×5 cm) and stored frozen at −20 °C in vacuum packed
plastic bags until olfactory analysis and chemical analysis using the
same analysis method as for the biopsy samples (relating to the same
amount of liquid fat). Olfactory analysis of all neck fat samples col-
lected at slaughter was performed by a trained olfactory panel of 3
experts. The panel scored each sample on a 5-point scale using the hot
iron method (0= no aberrant odor, 1= light aberrant odor, 2= some
aberrant odor, 3= strong aberrant odor, 4= very strong aberrant
odor) (Aluwé et al., 2017). The mean score was taken as the ﬁnal score.
When this exceeded 0.5, the sample was considered positive for boar
taint (Heyrman et al., 2018).
2.5. Statistical analysis
Separate mixed linear models with the (natural) log of each com-
pound as dependent variable were set up with sire line (BP, FP, and
CD), time point (V1, V2, V2+ 2, and S) and their interaction as ﬁxed
eﬀects. The individual animal identiﬁer was included as random eﬀect
to correct for repeated measures.
A similar mixed linear model was set up with age as dependent
Table 2
Ethogram of recorded behaviors.
Behavior Deﬁnition
Inactive Pig is sleeping (eyes closed) or lying down
Eating/drinking Pig is eating or drinking at feeding tray or drink nipple
Moving Pig is walking around without exhibiting any other behavior
Interaction1 Pig is sniﬃng other pig without showing aggressive behavior
Playing1 Pig is playing with another pig without showing aggressive behavior
Manipulation2 Pig is manipulating/biting distraction material, feeding trough, pen wall,..
Ear or tail biting2 Pig is biting the ear or tail of another pig
Aggression Thrusting by head-knocking or biting in the air, pushing another pig away, biting or lifting another pig
Mounting Pig (attempts) to place front legs over front or back end of other pig and (attempts) to copulate
Anogenital sniﬃng Nose of pig is in 5 cm proximity to anogenital zone of other pig
1 Clustered as interaction + playing.
2 Clustered as manipulation + ear & tail biting.
Table 3
Deﬁnitions for the category scales used in the animal observations.
Category Skin lesions1,2 Animal soiling1 Pen soiling1
0 None: No scratches or other wounds Clean: all pigs are clean Clean: the pen surface is clean
1 Very light: 1–3 scratches < 5 cm, 1–2 scratches of 5-15 cm, no other wounds Very light: up to 25% of the pig is
soiled
Very light: up to 25% of the pen surface is
soiled
2 Light: 4–6 scratches < 5 cm, 3–4 of 5-15 cm or 1–2 > 15 cm, no other wounds Light: 25–50% of the pig is soiled Light: 25–50% of the pen surface is soiled
3 Some: > 6 scratches <5 cm, >4 scratches 5-15 cm, > 3 scratches >15 cm or
other wounds
Some: 50–75% of the pig is soiled Some: 50–75% of the pen surface is soiled
4 Severe: Multiple severe wounds on part of the body Heavy: > 75% of the pig is soiled Heavy: > 75% of the pen surface is soiled
5 Very severe: Multiple severe wounds on entire body
1 The protocol for these observations used photographs for each category to help the observer. The pen was not entered for these observations, the observer stood
in front of the pen right up to the side.
2 Both sides of the pig was considered as a whole.
Fig. 1. Schematic representation of the timing of measurement.
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variable, with the same ﬁxed and random eﬀects. For the 3 time periods
between the 4 time points (V1 – V2, V2 – V2+2, and V2+2 – S) the
daily gain was calculated. A mixed linear model was set up with daily
gain as dependent variable, with sire line, time period, and their in-
teraction as ﬁxed and the individual animal identiﬁer as random eﬀect.
A similar mixed linear model was also set up with all behavior cate-
gories as dependent variable and time point (before V1 (<V1), before
V2 (<V2), and after V2 (>V2)) categories as ﬁxed eﬀect and pen as
random eﬀect. When interaction terms were non-signiﬁcant (P < .05)
they were removed from the ﬁnal models. A post-hoc test with a Tukey
correction for multiple comparisons was performed for each analysis.
Normal distribution of the residuals of all models was evaluated gra-
phically. For all analyses when P < .05 the diﬀerence was considered
signiﬁcant.
For the olfactory boar taint scores, no model was constructed be-
cause none of the evaluated samples exceeded the cutoﬀ for olfactory
boar taint. Spearman correlations were calculated for all pairs of
compound concentrations at each time point and evaluated with a chi
square test.
For V2+2 and S a new variable (1/0) was created to diﬀerentiate
between animals with AND in fat> 4.00 μg/kg at S. Separate mixed
linear models were set up with TES, EST, and AND in serum at these
time points as dependent variable, with this new variable as ﬁxed eﬀect
and the individual animal identiﬁer as random eﬀect.
A power analysis was performed for each analysis to justify the
mention of trends and numerical diﬀerences. When the perceived eﬀect
size was possibly relevant and the power of the corresponding analysis
was below 0.80 (due to the number of observations) we made mention
of it but noted that it concerns only a trend or numerical diﬀerence for
the reader to keep in mind.
All data analysis was done in R 3.2.3 (R Core Team, 2013).
3. Results
Timing of the vaccinations and slaughter (and corresponding
sample times) were determined at pen level based on average pen
weight (Table 1), resulting in comparable weights for the three groups
at V1, V2, and V2+2. Only at slaughter, BP was 10 kg lighter than FP
and CD. BP, FP and CD received the second vaccination at 36, 32 and
28 days before slaughter, respectively. It is notable that BP pigs are
consistently around 10 days older than FP and CD pigs (except at S,
where FP pigs were also 4 days older than CD pigs) (Ptime≤0.001,
Psire≤0.001, Ptime⁎sire≤0.001). Furthermore BP grew signiﬁcantly
slower from V2+2 to S compared to FP and CD, while from V1 to V2
and V2 to V2+2 BP grew signiﬁcantly slower than CD with FP being
intermediate (Ptime≤0.001, Psire = 0.054, Ptime⁎sire≤0.001).
Concentration of TES and EST in serum (Fig. 2 (a) and (b)) declined
after the second vaccination in all sire lines. In CD pigs, PRO in serum
declined consistently from V2 to V2+2 and S, while for BP and FP no
signiﬁcant diﬀerence between time points was observed. At V1 and V2
PRO in serum was signiﬁcantly higher for CD than BP, with FP being
intermediate (Fig. 2 (c)).
AND concentration in serum (Fig. 2 (d)) in CD showed a signiﬁcant
increase from V1 to V2, followed by signiﬁcantly lower concentrations
after V2 until S. In BP, AND in serum showed signiﬁcantly lower con-
centrations after V2. This was not the case for FP, in which the AND
concentration in serum remained low at all time points. Concentration
of SKA in serum (Fig. 2 (e)) signiﬁcantly rose in FP from V1 to V2 after
which it dropped to a signiﬁcantly lower concentration at V2+ 2 and S.
For BP, the same signiﬁcant decline from V2 to V2+2 and S is seen,
while this is only signiﬁcant at S for CD. At V1, SKA in serum for BP is
signiﬁcantly higher than CD and FP. Serum IND concentration (Fig. 2
(f)) increased signiﬁcantly after V2 for CD and from V2+2 to S com-
pared to V1 for FP pigs respectively, while IND concentration in BP pigs
remained low at all time points after V2 and was signiﬁcantly highest at
V1.
In fat, AND concentration showed an interaction between sire line
and time point (Fig. 2 (g)). Two weeks after the second vaccination,
AND concentration in fat was signiﬁcantly lower than V2 in all sire
lines. None of the samples exceeded the cutoﬀ of 2000 μg/kg (Heyrman
et al., 2017) at V2 and V2+2. At slaughter, levels were higher com-
pared to V2+2 for all sire lines, and even signiﬁcantly higher than at
V2 for BP and FP. At slaughter, 1 out of 54 samples (1/20 FP) exceeded
the cutoﬀ level.
Skatole concentration in fat signiﬁcantly diﬀered between time
points as well as sire lines but no signiﬁcant interaction was found. BP
showed lower SKA concentrations than FP and CD (Fig. 2 (h)). A gra-
dual reduction in skatole fat concentration was observed after the
second vaccination. SKA at S was signiﬁcantly lower than at V2 and
V2+2 in all sire lines. At V2, SKA levels above the cutoﬀ of 250 μg/kg
were found in 6 of 45 samples (Heyrman et al., 2017) (4/16 CD and 2/
16 FP). At V2+ 2, 2 of 48 samples exceeded cutoﬀ level (1/16 CD and
1/17 FP) and at S, 2 of 54 samples exceed cutoﬀ level (2/20 FP). Based
on the score of the olfactory panel, 0 of the 54 samples collected at
slaughter scored were determined positive for boar taint.
The relation between boar taint compounds in serum and fat, and
between testosterone in serum and AND in serum and fat, at V2 and S
are given in Fig. 3 (a), (b), (c), and (d). Correlation between testos-
terone and androstenone in serum is not signiﬁcant at either time point,
while correlation for testosterone and androstenone in fat showed a
signiﬁcant correlation at V2, but not at S. Correlation between AND in
serum and AND in fat was signiﬁcant at V2 (Fig. 3 (e)), but not at S
(Fig. 3 (f)). No signiﬁcant correlation between SKA in serum and in fat
was observed at either V2 (Fig. 3 (g)) or S (Fig. 3 (h)).
Comparing pigs with AND in fat> 4.00 μg/kg at S and those with
lower concentrations we see a trend (P= .059) for higher TES in serum
for pigs at V2+ 2 and S with higher AND in fat at S. There was also a
trend (P= .078) for higher EST in serum for pigs at V2+2 and S with
higher AND in fat at S. There was no signiﬁcant diﬀerence (P= .246)
for AND in serum for pigs at V2+2 and S with higher or lower AND in
fat at S.
BP pigs were less active from<V2 to>V2 compared to<V1, CD
and FP pigs were less active from>V2 compared to V1 (Fig. 4(a)).
Manipulation and ear- & tail biting behavior signiﬁcantly decline up
to>V2 compared to<V1 and<V2 for all sire lines (Fig. 4 (b)).
Eating and drinking and aggressive behavior was signiﬁcantly lower
at>V2 than at>V1 with<V2 being intermediate (only for eating
and drinking). These behaviors did not diﬀer signiﬁcantly between sire
lines (Fig. 4 (c), and (e)). Interaction and playing behavior did not diﬀer
signiﬁcantly between time points or sire lines (Fig. 4 (d)). Mounting
behavior was not signiﬁcantly diﬀerent between sire lines nor time
points (Fig. 4 (f)). Ano genital sniﬃng behavior was signiﬁcantly higher
for CD at<V2 (Fig. 4 (g)). Skin lesion score was signiﬁcantly higher
at>V2 compared to<V1 and intermediate at<V2, with no diﬀer-
ence between sire lines (Fig. 4 (h)). Animal fouling was lower for BP
than FP and CD, with no diﬀerence between time points (Fig. 4 (i)). Pen
fouling was signiﬁcantly lower for BP compared to FP with CD having
intermediate values(Fig. 4(j)).
4. Discussion
Biopsy sampling of fat for boar taint compound analysis has been
introduced in a number of studies in order to evaluate the eﬀectiveness
of intervention strategies (Wesoly et al., 2016) or to test boar taint in
live breeding candidates (Baes et al., 2012). One other study evaluated
AND, SKA, and IND in fat in immunocastrates compared to entire male
pigs at 70, 100, and 120 kg. This was however not done using biopsies
but by slaughtering 4 animals per sex at 70, and 100 kg while slaugh-
tering 12 animals per sex at 120 kg. None of the immunocastrates in this
study showed boar taint compound concentrations above cutoﬀ at any
weight (Font-i-Furnols et al., 2016).
The testosterone proﬁle did not diﬀer between sire lines, nor did the
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occurrence of sexual and aggressive behavior or the skin lesion score.
Generally, peak levels of TES, and EST reached at the onset of puberty
diﬀer between studies. This can be due to the eﬀect of nutritional
status, stress, social rank, and individual diﬀerences between animals
on reaching puberty (Lanthier et al., 2006). The serum levels of puberty
hormones can therefore increase during a long timeframe (Lanthier
et al., 2006; Sinclair et al., 2001; Van den Broeke et al., 2016;
Zamaratskaia et al., 2004). The order of magnitude of TES concentra-
tions seen at V1 (though we have no measurements from before this
time point) and the decline after V2 in the present study may be in-
dicative of the onset of puberty.
In serum, an increase in AND at the time of the second vaccination
for CD is consistent with the onset of puberty (Sinclair et al., 2001;
Zamaratskaia et al., 2004). For the FP animals the AND concentration
remained low at V2 and was not signiﬁcantly diﬀerent for BP, although
a numerical increase was observed. However, one must keep in mind
that there is a wide age range when animals reach puberty and that the
increase in AND during puberty can come later or not at all. One study
found no diﬀerence in luteinizing hormone (LH) or TES proﬁle between
pigs with high or low AND serum levels at puberty (Bonneau et al.,
1987). In the present study, FP and CD grew faster and were thus
younger than BP when they reached the target weight for vaccination.
A possible hypothesis therefore, is that FP show less pubertal devel-
opment at this age and thus show lower serum AND levels, while CD are
closer to sexual maturity at the same age. Further support for this hy-
pothesis is the signiﬁcantly higher EST level at V1 and numerically
higher at V2 for CD compared to BP and FP, as well as the signiﬁcantly
higher PRO concentration at V1 and V2 of CD compared to BP, with FP
showing intermediate values.
The decline in TES, and EST concentrations in serum after V2 is
Fig. 2. Testosterone (a), estradiol (b), progesterone (c), androstenone (d), skatole (e), indole (f) in serum and androstenone (g) and skatole (h) in fat for im-
munocastrates of 3 sire lines (Belgian Piétrain (BP), French Piétrain (FP), and Canadian Duroc (CD)) at 4 time points: ﬁrst vaccination (V1= 8weeks before
slaughter), second vaccination (V2= 4weeks before slaughter), 2 weeks after second vaccination (V2+2), and 1 day before slaughter (S). Values are mean ±
standard error. Ps indicates p-value for diﬀerences between sire lines, Pt indicates p-value for diﬀerences between time points, and Ps*t indicates p-value for the
interaction. For all analyses a, b, c indicates signiﬁcant diﬀerences between time points within sire lines, and x, y indicates signiﬁcant diﬀerences between sire lines
within time points. All compounds are shown on logarithmic scale.
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consistent with literature and the mode of action of immunocastration
(Brunius et al., 2011; Van den Broeke et al., 2016; Zamaratskaia et al.,
2008a, 2008b). In accordance with this decline in sex hormones, ac-
tivity and aggressive behavior also declined after V2 as reported in
previous studies (Baumgartner et al., 2010; Cronin et al., 2003;
Zamaratskaia et al., 2008b). It is notable that skin lesion score increased
up to>V2 even though aggressive behavior declined. Considering that
there is no signiﬁcant diﬀerence in skin lesion score between<V2
and > V2 this result is less unusual than it appears, aggressive beha-
vior at<V2 is not signiﬁcantly diﬀerent from<V1. It also has to be
kept in mind that the skin lesion score is in a sense a cumulative
measure since previous scars and wound only disappear as they heal
and might more easily increase in number than decline. In all sire lines,
eating and drinking behavior was signiﬁcantly depressed after the
second vaccination and was intermediate after the ﬁrst vaccination.
Although the pigs' feed intake increases after the second vaccination,
they spend less time feeding; in other words, their feeding rate increases
(Aluwé et al., 2016).
The serum AND concentration after the second vaccination showed
a signiﬁcant decline in the BP and CD sire line. This is consistent with
results from literature (Zamaratskaia et al., 2009). The same decline
was seen for the level of AND in fat from V2 to V2+2 in all sire lines.
The subsequent increase in AND concentration in fat at slaughter (fat
tissue collected after slaughter) for all sire lines was not expected and
was not in accordance with the low levels of androstenone in serum
collected 1 day before slaughter. It should be noted, however, that
barrows and even gilts can show elevated levels of boar taint com-
pounds (speciﬁcally AND≥ 1000 μg/kg) and that some barrows do
receive high scores for sensory boar taint at slaughter (Prusa et al.,
2011). This means that boar taint may occur to some extent in pig
production in any case but does not necessarily translate to problematic
boar taint prevalence, although the underlying mechanism in the Pru-
sa's study might include unremoved internal testes or registration pro-
blem of the carcass as well. One FP animal in the present study did
show elevated AND concentrations in fat (above the cutoﬀ of 2000 μg/
kg) after slaughter; nonetheless, the olfactory panel determined this
sample to be negative for boar taint. TES levels and AND levels in serum
at slaughter were not elevated for this animal (Fig. 3 (f)). A recent study
(Wesoly et al., 2014) showed that aggressive and stressful conditions
during transport may increase AND concentrations in fat of boars based
on a comparison of pigs slaughtered after diﬀerent transport and pre-
unloading times. For barrows or immunocastrates this has not yet been
studied. It could be hypothesized that stress during transport also re-
sulted in an increase of AND level from V2+2 towards slaughter in this
trial. Another hypothesis is that for some pigs the vaccination was less
eﬀective in reducing testicular function (so-called non-responders)
(Batorek et al., 2012). For those pigs in Fig. 3 (d) that showed higher
TES in serum the day before slaughter as well as higher AND in fat after
slaughter, the immunocastration might have been less eﬀective.
Moreover, the correlation between TES in serum and AND in fat at this
time point is non-signiﬁcant. Also, when comparing pigs at S with AND
in fat higher or lower than 4.00 μg/kg we see a trend for higher TES and
EST at V2+2 and S for the former group of pigs, but a non-signiﬁcant
diﬀerence for AND in serum at V2+2 and S. This gives some argument
to the possibility of non-response in some pigs. Note that pigs exhibiting
elevated TES concentrations in serum at slaughter do not necessarily
exhibit elevated AND concentration in either serum or fat at slaughter
(Fig. 3 (f)). This can also be said for most entire male pigs, given the low
prevalence of boar taint in the general population (Aluwé et al., 2014;
van Wagenberg et al., 2013). For those pigs with low serum TES levels
on the day before slaughter but with elevated AND in fat after
slaughter, the proposed eﬀect of stress during transport could be at play
(both processes may possibly be connected). Stress can possibly also
aﬀect SKA in fat after transport, due to its eﬀect on colonic function or
SKA metabolism (Wesoly et al., 2014). The overall evolution of SKA in
fat was largely as expected, and SKA did not show the same increase
after slaughter as AND (Fig. 2 (h)). But as Fig. 3 (h) illustrates, 2
samples had SKA levels in fat above the 250 μg/kg cutoﬀ (these were
both samples with fat AND levels well below cutoﬀ). A possible ex-
periment to further clarify the observed boar taint compound patterns
close to slaughter would be to include sample collections of serum and
fat before transport, after transport and after slaughter to evaluate the
evolution of the boar taint compounds within this time span. Also a
large scale screening for boar taint compounds of immunocastrate,
barrow, and even gilt carcasses in a practical setting would clarify the
relevance of this remaining risk for boar taint. Especially considering
that all 3/54 samples in this study above AND and SKA cutoﬀs at
slaughter were not conﬁrmed as positive for olfactory boar taint by the
trained panel (false negatives). Considering individual diﬀerences in
sensitivity for panelists reported in literature it is not uncommon to
have inconsistencies between chemical and olfactory evaluation
(Trautmann et al., 2016). Since there were 0 samples positive for ol-
factory boar taint we could not calculate sensitivity on the low number
of samples in the current study. We know however from evaluation of
our trained panel (data not shown) that sensitivity is 0.72. A larger
scale evaluation could give more relevant insights into the overall
prevalence of olfactory boar taint in these populations.
Before the second vaccination, CD boars showed numerically higher
AND concentrations in fat, which is in accordance with previously es-
tablished higher AND concentrations in fat of CD boars (Xue et al.,
1996). The numerically lower AND concentrations in fat at V2 for BP
and FP are also in accordance with previous ﬁndings (Wesoly and
Weiler, 2012). It has been hypothesized that lean breeds such as Pié-
train have lower AND and SKA concentrations in fat as a result of the
lower proportions of saturated fatty acids and faster turnover in fat
tissue (Wesoly and Weiler, 2012). Notably, at the time of the second
vaccination, fat AND levels and serum TES, EST and PRO were not
signiﬁcantly diﬀerent between BP and FP (CD was also only sig-
niﬁcantly diﬀerent from BP in PRO concentration). At that same time
point, serum concentration of AND was signiﬁcantly higher in BP in
comparison to FP. Most Piétrain sires in Belgian are homogenous car-
riers of RYR1 (stress positive), resulting in higher lean meat percentages
in the fattening pigs, which are heterogeneous carriers of RYR1. These
type of Piétrain sires are very common in Flanders and therefore re-
present commercial practice. In a previous study Piétrain entire male
pigs (stress positive) were compared with Large White (LW) and Bel-
gian Landrace stress negative (BN) entire male pigs. Stress positive
Piétrain entire male pigs had the lowest skatole level compared to LW
and BN. At 110 kg of slaughter weight, P also had a lower androstenone
level compared to LW (Aluwé et al., 2011). This does conﬁrm the lower
boar taint levels for lean meat type of pigs. In another study the eﬀect of
a polymorphism of the MC4R gene in Piétrain boars (known to result in
higher lean meat percentage) was also linked to lower boar taint
compounds (Van Den Broeke et al., 2015). These associations with
RYR1 and MC4R were however not included within the scope of this
study.
In serum, SKA concentration of BP showed a signiﬁcant decline
between V1 and V2+2 up to the day before slaughter, FP showed a
signiﬁcant decline between V2 and V2+2 up to S, while CD showed a
signiﬁcant decline between V2+2 up to S. The decline of SKA is more
gradual than that of the other compounds. This might be due to the fact
that the decline in SKA happens only once testicular steroid levels have
Fig. 3. Scatter plot of testosterone in serum vs. androstenone in serum at second vaccination (V2) (a) and at slaughter (S) (b), testosterone in serum vs. androstenone
in fat at V2 (c) and S (d), androstenone in serum vs. fat at V2 (e) and S (f), and of skatole in serum vs. fat at V2 (g) and S (h). Correlations (r) and p-value (P) are given
for all samples together and for Belgian Piétrain (BP), French Piétrain (FP), and Canadian Duroc (CD) separately.
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Fig. 4. Recorded behavior before the ﬁrst vaccination (<V1), before the second vaccination (<V2), and after the second vaccination (>V2) for immunocastrates
from 3 sire lines (Belgian Piétrain (BP), Canadian duroc (CD), and French Piétrain (FP)). Ps indicates p-value for diﬀerences between sire lines, Pt and Ps⁎t indicates p-
value for diﬀerences between time points. For all analyses a, b indicates signiﬁcant diﬀerences between time points within sire lines, and x, y indicates signiﬁcant
diﬀerences between sire lines within time points.
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lowered and no longer have an inhibiting eﬀect on SKA metabolism in
the liver (Zamaratskaia et al., 2009). Based on this relationship, the
lowest serum SKA level could have been expected for FP based on the
lower AND level for FP, this was indeed the case at V1, but the same can
be said for CD. Also keeping in mind the short half-life of SKA in fat
compared to AND (hours versus days) (Prunier et al., 2013), this hy-
pothesis might not hold true. Other factors could be at play that explain
the high values of SKA in fat of pigs after second vaccination. It has
been hypothesized that pre-pubertal metabolism of SKA is regulated by
diﬀerent enzymes (Lanthier et al., 2007), and that EST can be re-
sponsible for the inhibition of SKA catabolism (Zamaratskaia et al.,
2007). As EST did show elevated levels at V2 for FP, other testicular
steroids may have inhibited SKA metabolism in these pigs, resulting in
comparable SKA levels at V2 for all sire lines even though AND in serum
at V2 is low for FP. The high values of SKA in fat of pigs after V2+ 2
remain unexplained, however; besides metabolism of SKA, production
in the gut might also be part of the explanation. SKA in fat is in general
signiﬁcantly lower in BP as compared to FP and CD. This could be due
to the diﬀerences in lean meat percentage mentioned previously or the
slower growth/lower feed intake leading to less degradation of the in-
testinal cell wall and hence lower SKA production (Zamaratskaia and
Squires, 2009). Insulin like growth factor (IGF-1) has been linked with
SKA since it is inﬂuenced by nutrition and plays a role in intestinal
growth and apoptosis (Claus and Raab, 1999). It is clear from Table 1
that BP pigs grow signiﬁcantly slower than the FP and CD, especially in
the period between V2+2 and S. Generally Piétrain sires are selected
for more lean meat growth with less optimal growth rates than Duroc
sires which alternatively show a higher fatness (Morales et al., 2013).
This diﬀerence in feed intake and accompanying smaller amount of
manure produced (Rigolot et al., 2010) is also conﬁrmed by the dif-
ference that was observed in animal fouling, with BP being signiﬁcantly
cleaner than FP and CD. It has further been proposed in literature that
heavily fouled pigs might show higher SKA concentration by absorbing
SKA through their skin and lungs, this has however not been established
(Wesoly et al., 2016).
It has been hypothesized that the reduction of IND in immunoca-
strated pigs is also due to the eﬀect of the suppressed steroid synthesis
on its metabolism, analogous to SKA (Zamaratskaia et al., 2008a,
2008b). Several studies also indicate that immunocastration is eﬀective
in reducing IND in fat as well as serum (Font-i-Furnols et al., 2012;
Zamaratskaia et al., 2008a, 2008b). The increase in serum IND con-
centrations for FP and CD even after the second vaccination is therefore
not in accordance with expectations. Nevertheless, corresponding re-
sults can be found in literature. In the study of Zamaratskaia et al.
(2008a, 2008b) immunocastrated pigs had lower IND concentrations
compared to entire males, but also showed a slight increase in IND
concentration in serum between the ﬁrst vaccination and slaughter. It is
known that there are likely many candidate genes having small eﬀects
on boar taint and that there can be diﬀerences in the expression of
enzymes responsible for SKA and IND metabolism (Zamaratskaia and
Squires, 2009). Hence, breed diﬀerences can be expected. In FP and CD
this may play a role in IND metabolism, which might not be aﬀected by
suppression of steroid synthesis. The metabolism of IND has not yet
been thoroughly studied, however, and the importance of IND is not
suﬃciently clear. One other possible hypothesis is that feeding behavior
plays a role in these elevated IND concentrations in serum for FP and
CD, as it has been found that immunocastrates showing higher feed
intake and growth ratio also show high IND concentrations in fat at
slaughter, leading to IND concentrations higher than entire male pigs
(Weiler et al., 2012). Further, SKA values in fat were signiﬁcantly lower
and SKA values in serum were numerically lower for BP. The lower
growth rate and supposed lower manure production of BP contribute to
this hypothesis. It would be interesting to perform a similar experiment
including analysis of IND concentrations in fat biopsies before and after
slaughter to see if these elevated IND levels in serums translate to in-
creased IND fat levels. Taking fecal levels of SKA and IND into account
would further help to clarify the physiological cause of these results.
5. Conclusion
Immunocastration is conﬁrmed to be eﬀective in reducing ag-
gressive behavior in Belgian Piétrain, French Piétrain, and Canadian
Duroc. IND in serum seemed unaﬀected by immunocastration in FP and
CD, while it declined in BP, possibly due to diﬀerent metabolic pro-
cesses. Even though immunocastration was generally eﬀective in re-
ducing boar taint compound levels for all sire lines, 3 pigs did show
either elevated levels of AND (1.9% of total pigs) or SKA (3.7% of total
pigs) in fat at slaughter. Still, no pigs were considered positive for boar
taint in fat by a trained olfactory panel. Further research, using biopsy
sampling to follow up boar taint compound level in fat, could clarify
whether processes related to stress during transport and slaughter are at
play and to evaluate if and why boar taint possibly occurs in im-
munocastrates in commercial settings.
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